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Abstract 

Thermal  behavior  of  Li]_xNi02  (R3m  or  C2/m)  up  to  400UC  was  studied  using  thermogravimetry  (TG),  differential  scanning  calorimetry 
(DSC),  and  high-temperature  X-ray  diffraction  measurements  and  its  decomposition  mechanism  was  proposed.  Delithiated  Li  |  _xNiO?  was 
thermally  decomposed  to  LiNLCE  spinel  (Fd3m)  at  the  temperature  range  of  180-250UC.  For  x  <  0.5,  Lii_*NiCE  was  decomposed  to 
LiNiCE  and  LiNLCE  and  the  fraction  of  the  spinel  in  the  decomposed  product  increased  almost  linearly  with  x.  For  0.5  <  x  <  0.8, 
Lii_vNiC>2  was  converted  into  LiNLCE  spinel  and  this  reaction  was  accompanied  by  oxygen  evolution.  Lii_*NiCE  of  all  compositions 
turned  into  a  rock-salt  phase  (Fm3m)  with  oxygen  liberation  at  temperatures  above  270°C.  The  temperature  for  the  decomposition  of 
Li|_xNi02  to  a  spinel  or  a  rock-salt  phase  decreased  with  x  in  Li|_vNiCE.  The  thermal  behavior  of  Lii_vNiCE  could  be  interpreted  as  an 
overlap  of  the  exothermic  rearrangement  of  cations  (nickel  and  lithium  ions)  to  form  a  spinel  or  a  rock-salt  phase  and  the  endothermic 
oxygen  evolution  reaction.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

LiNiCE  has  been  studied  extensively  as  a  cathode  material 
because  of  its  higher  specific  capacity  (of  200  rnAh/g)  than 
that  of  LiCoOi  used  commercially  [1,2].  However,  LiNi02 
has  a  few  disadvantages  compared  to  LiCo02  as  a  cathode 
material  for  lithium  secondary  batteries.  Its  major  disadvan¬ 
tages  are:  (i)  difficulty  in  synthesis  of  an  electrochemically 
active  form  because  of  its  tendency  for  non-stoichiometry 

[2] ;  (ii)  capacity  fading  with  cycling  resulted  from  the 
structural  instability  [1]  and  (iii)  poor  thermal  stability 
due  to  the  instability  of  nickel  ions  in  the  high  oxidation 
state  of  +3  or  +4  [3,4]. 

In  particularly,  the  thermal  stability  of  the  LiNiCE  has 
been  considered  as  one  of  the  most  important  properties  that 
must  be  improved  in  order  to  apply  this  oxide  to  the  lithium 
rechargeable  batteries  because  the  thermal  instability  of 
delithiated  Li ,  _vNi02  causes  safety  hazard.  Dahn  et  al. 

[3]  have  reported  that  the  delithiated  LE^NiCE  is  meta¬ 
stable  and  liberates  oxygen  at  elevated  temperatures  and  that 
the  temperature  at  which  oxygen  evolution  occurs  depends 
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on  x  in  Li  i  _-cNi02.  Ohzuku  et  al.  [5]  have  reported  that 
Lio .15N1O2  undergoes  a  few  exothermic  reactions  at  about 
200°C  and  it  has  been  suggested  by  other  workers  [4,6]  that 
these  exothermic  reactions  are  caused  by  random  redistri¬ 
bution  of  Ni  and  Li  cations.  However,  the  detailed  decom¬ 
position  mechanism  of  Li,  vNi02  including  a  formation  of 
spinel  or  rock-salt  phase,  oxygen  evolution  and  their  depen¬ 
dence  on  the  composition  and  temperature  have  remained 
ambiguous. 

As  part  of  a  larger  study  to  develop  nickel-based  lithium 
transition  metal  oxides  with  enhanced  thermal  stability,  we 
examined  the  thermal  behavior  of  a  set  of  Li ,  _,.Ni02  by 
thermogravimetry  (TG),  differential  scanning  calorimetry 
(DSC),  and  high-temperature  X-ray  diffraction  measure¬ 
ments  and  studied  the  detailed  decomposition  mechanism. 

2.  Experimental 

LiNiCE  was  synthesized  by  reacting  stoichiometric 
amount  of  LiNCE  (Aldrich  Chemical  Co.)  and  Ni(OHE 
(Aldrich  Chemical  Co.).  The  mixture  of  LiNi02  and 
Ni(OH)2  was  well  mixed,  pressed  into  pellets  and  precal¬ 
cined  at  600°C  for  12  h  in  a  stream  of  oxygen.  The  pre¬ 
calcined  product  was  powdered,  pressed  into  pellets  and 
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Table  1 


Composition  and  Rietveld  refinement  results  for  LiNiC>2 


/?wp 

a  (A) 

c  (A) 

z(  O) 

Composition15 

Cationic  distribution 

8.34 

2.8813 

14.201 

0.2415 

Lio.95lNi[.04902 

[^0.948  Nio.052]  3 a  [Li0 .003  ^0.997]  3b  O2 

a  R\vp  —  [M/  X)K)]1/2,  where  the  quantity  minimized  is  M  =  J]w(/o  —  /c),  with  to,  and  Ic  being  the  observed  and  calculated  intensities  and  w  a 
weight  related  to  the  error. 

b  Determined  from  the  oxidation  state  of  nickel  ion  obtained  by  iodometric  titration. 


reacted  at  800  C  for  24  h  under  oxygen  flow.  The  reaction 
product  was  ground  and  stored  in  a  desiccator.  The  crystal 
structure  of  LiNiOi  was  characterized  by  neutron  diffraction 
measurement.  The  neutron  powder  diffraction  data  were 
analyzed  by  the  Rietveld  profile  analysis  using  the  general 
structure  analysis  system  (GSAS)  suite  of  program  [7].  The 
classic  reliability  factors,  defined  in  the  caption  for  Table  1 , 
were  used. 

Electrochemical  lithium  extraction  was  carried  out  with 
cells  which  have  been  described  previously  [8].  A  composite 
electrode  was  prepared  by  mixing  88  wt.%  LiNiOi,  6  wt.% 
acetylene  black  as  a  conducting  material,  and  6  wt.%  poly- 
vinylidene  fluoride-hexafluoropropylene  copolymers 
(Kynar  FLEX  2801,  Elf-Atochem  America)  as  a  binder 
dissolved  in  « -  m e t h y  I  - 2 - p y  r ro  1  i  do n e .  The  mixed  slurry 
was  coated  onto  Al  foil  and  dried  for  >24  h.  Lithium  foils 
were  used  as  a  reference  electrode  and  a  counter  electrode 
and  1  M  LiC104  in  propylene  carbonate  (PC)  was  used  as  an 
electrolyte.  All  electrochemical  measurements  were  con¬ 
ducted  at  room  temperature  in  a  glove  box  filled  with 
purified  argon. 

In  order  to  obtain  a  charged  sample,  the  cell  was  charged 
to  a  desired  composition  at  a  constant  current  of  20-h  rate. 
After  a  relaxation  of  several  days,  the  electrode  was  taken 
from  the  cell.  It  was  then  washed  with  tetrahydrofuran  and 
dried  thoroughly  in  a  vacuum.  The  structural  change  of  the 
electrode  with  temperature  was  analyzed  by  high-tempera- 
ture  X-ray  diffraction  measurement  after  heating  the  elec¬ 
trode  to  a  desired  temperature.  Thermal  behavior  of  the 
charged  compounds  was  measured  with  TG  (TGA  2050,  TA 
Instruments)  and  DSC  (DSC  2010,  TA  Instruments)  in  an  air 
atmosphere  at  a  heating  rate  of  5°C/min. 

3.  Results  and  discussion 

3.1.  L1N1O2  powder  characterization 

The  neutron  diffraction  pattern  of  the  LiNiOi  could  be 
indexed  assuming  a  space  group  of  R3m  and  the  Rietveld 
refinement  results  of  the  pattern  using  the  GSAS  suite  of 
programs  are  listed  in  Table  1.  More  details  including  a 
neutron  diffraction  measurement  and  an  assumption  and 
constraints  during  the  refinements  were  described  pre¬ 
viously  [8].  The  lattice  parameters  are  in  good  agreement 
with  previously  reported  values  for  stioichiometric  LiNiO? 
[1,2]. 


3.2.  Thermal  decomposition  of  LiI_xNi02 

Fig.  1  shows  TGA  results  for  the  washed  composite 
electrodes  containing  a  series  of  Li x  _  tNi02,  an  acetylene 
black  and  a  PVDF-HFP  copolymer  at  a  heating  rate  of  5°C / 
min  in  an  air  atmosphere.  The  LiNi02  was  quite  stable  and 
showed  no  significant  weight  loss  over  the  entire  temperature 
range.  However,  one  or  two  steps  of  weight  loss  were  observed 
in  the  delithiated  Li ,  _  ,Ni02  samples.  For  x  <  0.5,  a  weight 
loss  was  observed  only  at  temperatures  above  330°C.  And  for 
the  samples  with  x  >  0.5,  the  weight  loss  was  observed  at 
around  220°C  as  well  as  at  temperatures  above  270°C. 

It  has  been  reported  that  Lio.5Ni02  converts  to  spinel 
LiNi204  (cubic,  Fd3m)  near  200°C  [9].  For  the  x  =  0.5 
sample,  it  was  not  necessary  to  release  oxygen  to  form  a 
spinel  and,  therefore,  no  weight  loss  was  involved.  However, 
for  x  >  0.5,  the  conversion  of  Li  1  _,Ni02  to  spinel  was 
apparently  accompanied  by  oxygen  release,  because  there 
were  more  than  four  oxygen  atoms  for  three  cations  in  such 
samples.  At  higher  temperatures  Li ,  _  ,Ni02  of  all  composi¬ 
tions  converted  to  members  of  the  series  of  LiyNi  1  _yO 
(cubic,  Fm3m)  with  rock-salt  structure  [3,4,6]  and  further 
weight  loss  was  observed.  The  temperature  at  which  the 
decomposition  of  Li,  tNiG2  to  a  spinel  or  a  rock-salt  phase 
occurred  decreased  with  x. 


50  100  150  200  250  300  350  400 


Temperature  (’c) 

Fig.  1.  TGA  results  for  Li^^NiC^  composites  in  an  air  atmosphere  at  a 
heating  rate  of  5°C/min.  The  data  have  been  offset  vertically  by  5% 
sequentially  for  clarify. 
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Delithiated  Lii_ANi02  (R3m  or  C2/m)  was  thermally 
decomposed  to  a  LiNi204  spinel  and  a  LivNi ,  _yO  with 
rock-salt  structure  depending  on  x  and  the  decomposition 
temperature.  Therefore,  the  thermal  decomposition  of  Li!_A- 
N i O 2  to  a  spinel  phase  and  to  a  rock-salt  phase  must  be 
distinctly  interpreted  in  order  to  understand  the  detailed 
thermal  behavior  of  Li!_YNi02. 

3.3.  Thermal  decomposition  to  a  spinel  phase 

Fig.  2  shows  the  X-ray  diffraction  patterns  of  Li ,  _vNi02 
with  x  :  0. 1 ,  0.3,  0.5  and  0.8  at  various  temperatures 
measured  during  heating  at  a  rate  of  5°C/min.  For  Lio.gNiCL, 
the  trigonal  phase  of  R3m  was  maintained  over  the  entire 
temperature  range  excluding  the  small  decrease  in  the 
distances  between  (0  0  6)  and  (10  2)  peaks  and  (10  8) 
and  (110)  peaks  in  300  C.  Flowever,  monoclinic  Li0  7Ni02 
converted  to  the  trigonal  phase  at  200°C  and  then  turned  into 
the  cubic  phase  with  spinel  structure  at  300  C  as  indicated 
by  the  coalescence  of  the  (0  0  6)  and  (10  2)  peaks  and 
(1  0  8)  and  (110)  peaks  of  the  trigonal  R3m  phase.  Based 
on  a  2  x  2  x  2  cubic  rock-salt  lattice,  these  peaks  corre¬ 
spond  to  the  (2  2  2)  and  (4  4  0)  peaks  in  the  cubic  structure 
with  space  group  Fd3m,  respectively.  For  Lio.2Ni02,  trigonal 
two  phases  were  turned  into  the  spinel  phase  at  200°C.  The 
temperatures  at  which  the  spinel  (Fd3m)  phases  were 
observed  decreased  with  x  and  were  in  good  accordance 
with  the  TG  results  mentioned  above.  The  decomposition  to 
a  rock-salt  phase  observed  at  200°C  for  Lio^NiCL  will  be 
discussed  in  the  Section  3.4. 

In  order  to  investigate  the  effect  of  x  in  Li]  _ANi02  and  the 
temperature  on  the  decomposition  to  a  spinel,  the  heat  flow 
involved  in  the  spinel  formation  was  measured  and  the 
results  were  shown  in  Fig.  3.  The  LiNiCL  was  quite  stable 
and  no  significant  heat  flows  into  or  from  the  composites 
were  observed  over  the  entire  temperature  range.  The 


delithiated  Li  |  _ANi02,  however,  showed  some  exothermic 
peaks  at  around  220°C  which  increased  as  the  degree  of 
deintercalation  increased.  As  reported  previously  [9,10], 
these  exothermic  peaks  were  attributed  to  a  spinel  formation 
and  it  was  confirmed  by  the  high-temperature  X-ray  diffrac¬ 
tion  measurements  as  shown  in  Fig.  2.  The  cooperative 
displacements  of  one  quarter  of  the  Ni  ions  into  neighboring 
Li  ion  layers  and  the  Li  ions  in  octahedral  sites  into 
neighboring  tetrahedral  sites  take  place  during  the  LiNi204 
spinel  formation  from  the  trigonal  layered  Lio.5Ni02.  This 
cationic  redistribution  has  been  referred  to  a  main  cause  for 
the  exothermic  heat  flow  observed  during  the  spinel  forma¬ 
tion  [4]. 

Fig.  4  shows  the  area  under  the  peaks,  which  is  directly 
proportional  to  AH  for  the  spinel  formation  reaction, 
observed  at  around  220°C  of  DSC  curves  in  Fig.  3  as  a 
function  of  x.  For  x  <  0.5,  the  peak  area  increased  linearly 
with  x  in  Li ,  ,Ni02  and  it  showed  that  the  amount  of  a 
spinel  phase  in  the  decomposed  products  was  proportion  to 
x.  However,  the  Li]  ,Ni()2  with  x  >  0.5  showed  a  different 
tendency  of  AH  decreased  with  x  and  it  might  be  explained 
by  overlapping  between  the  exothermic  spinel  formation  and 
the  endothermic  oxygen  evolution  reaction  occurred  simul¬ 
taneously  in  this  composition  range. 

The  thermal  decomposition  behavior  of  Li , _ANi02  to  a 
spinel  at  around  220°C  could  be  expressed  as  following 
equations: 

Li!_ANi02  -^(1  -  2x)LiNi02  (R3m) 

+  xLiNi204  (Fd3m)  (x  <  0.5)  (1) 

Lii^NiC^  -^[Lii_A.Ni(2X_i)/3][Ni(4_2x.)/3]0(8_4A.)/3  (Fd3m) 

+  [(2x  -  l)/3]02  (x  >  0.5)  (2) 

Eq.  (2)  indicates  that  the  amount  of  the  spinel  decreases  with 
x  for  x  >  0.5  and  it  also  leads  to  the  small  decrease  in  AH 
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Fig.  3.  DSC  results  for  Li]_vNi02  composites  in  air  atmosphere  at  a  Fig.  4.  A// during  the  decomposition  of  Li,  vNi()2  composites  Lo  a  spinel 
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with  x  for  the  samples  at  this  composition  range  as  shown  in 
Fig.  4.  The  calculated  weight  losses  of  the  Li,  vNi02 
composite  electrodes  containing  a  88  wt.%  of  Li!  _xNi02 
during  the  conversion  to  a  spinel  were  2.0,  4.1  and  6.1  wt.% 
for  x  =  0.6,  0.7  and  0.8,  respectively,  and  were  in  good 
agreement  with  the  measured  values  shown  in  Fig.  1 .  Small 
differences  between  the  two  might  be  caused  by  a  relatively 
fast  heating  rate  of  5°C/min  in  present  work. 

3.4.  Thermal  decomposition  to  a  rock-salt  phase 

Fig.  2(d)  showed  that  the  f  1  1  1),  (3  1  l)and(5  1  1)  peaks 
of  the  spinel  disappeared  at  300°C  and  only  (2  2  2),  (4  0  0) 
and  (4  4  0)  peaks  remained.  They  could  be  indexed  as 
(1  1  1),  (2  0  0)  and  (2  2  0)  peaks  assuming  a  cubic  cell  with 
a  rock-salt  structure  of  Fm3m.  During  the  conversion  from  a 
spinel  to  a  rock-salt  structure,  both  lithium  and  nickel  ions 
move  randomly  to  other  layers  and  there  is  no  difference 
between  the  cation  layers  in  the  resulting  structure. 

It  has  been  reported  [3,4,6]  that  the  decomposition  of 
Li0.2NiO2  to  a  rock-salt  phase  is  accompanied  by  the  oxygen 
evolution  and  exothermic  reaction  caused  by  random  redis¬ 
tribution  of  cations  across  the  cation  layers.  These  were 
confirmed  by  the  weight  losses  observed  in  TG  curves  shown 
in  Fig.  1  and  exothermic  heat  flows  in  DSC  curves  in  Fig.  3, 
at  the  temperatures  above  270°C,  respectively.  The 
delithiated  Li^NiCL  of  all  composition  showed  a  similar 
thermal  behavior  of  weight  loss  and  exothermic  heat  flow  at 
temperatures  higher  than  their  decomposition  temperature 
into  a  spinel  and  it  could  be  explained  by  the  formation  of  a 
rock-salt  phase. 

The  decomposition  of  trigonal  or  monoclinic  Li!  _xNi02 
to  a  rock-salt  phase  was  expressed  as  following  reaction  [4] 
and  took  place  at  less  elevated  temperature  as  the  degree  of 
deintercalation  increased. 

Lii-AN02  — >(2  —  x)Li(1_A)/(2_x)Ni1/(2_x)0  (Fm3m) 

+  (x/2)02  (3) 

4.  Conclusions 

Thermal  behavior  of  electrochemically  delithiated  Li ,  _x- 
NiCL  and  its  decomposition  mechanism  were  closely  exam¬ 
ined  by  TG,  DSC,  and  high-temperature  X-ray  diffraction 
measurement. 


Delithiated  Li  |  _  vNi02  with  the  structure  of  hexagonal 
(R3m)  or  monoclinic  (C2/m)  was  decomposed  to  LiNi204 
spinel  (cubic,  Fd3m)  at  the  range  of  180-250°C  and  the 
decomposition  temperature  decreased  in  x  in  Li,  vNi02.  For 
x  <  0.5,  Li  ]  _  ,Ni02  was  decomposed  to  LiNi02  and 
LIN12O4  and  the  fraction  of  the  spinel  phase  in  the  decom¬ 
posed  products  increased  linearly  with  x.  For  0.5  <  x  <  0.8, 
Li]_vNi02  was  converted  into  LiNi204  spinel  and  released 
oxygen.  Li,  jNiCL  of  all  compositions  turned  into  Li( , _A)/ 
(2-j)Nii/(2-.,)0  (cubic,  Fm3m)  with  rock-salt  structure  at 
temperatures  above  270°C  and  this  reaction  was  accompa¬ 
nied  by  oxygen  evolution.  The  temperature  at  which  the 
decomposition  to  a  rock-salt  phase  took  place  also  decreased 
with  x  in  Li,  tNi02.  The  thermal  behavior  observed  in  TG 
and  DSC  could  be  explained  as  an  overlap  of  the  exothermic 
rearrangement  of  Ni  and  Li  cations  to  form  a  spinel  or  rock- 
salt  phase  and  the  endothermic  oxygen  evolution  reaction. 

Acknowledgements 

Authors  would  like  to  thank  LG  Chemical  Ltd.  for 
financial  support  and  Korea  Basic  Institute  for  TG  and 
DSC  Measurement.  This  study  was  supported  by  the  Brain 
Korea  21  project. 


References 


[1]  T.  Ohzuku,  A.  Ueda,  M.  Nagayama,  J.  Electrochem.  Soc.  140  (1993) 
1862. 

[2]  A.  Rougier,  R  Gravereau,  C.  Delmas,  J.  Electrochem.  Soc.  143 
(1996)  1168. 

[3]  J.R.  Dahn,  E.W.  Fuller,  M.  Obrovac,  U.  von  Sacken,  Solid  State 
Ionics  69  (1994)  265. 

[4]  H.  Arai,  S.  Okada,  Y.  Sakurai,  Jun-ichi  Yamaki,  Solid  State  Ionics 
109  (1998)  295. 

[5]  T.  Ohzuku,  A.  Ueda,  M.  Kouguchi,  J.  Electrochem.  Soc.  142  (1995) 
4033. 

[6]  J.  Morales,  C.  Perez- Vincente,  J.L.  Tirado,  J.  Therm.  Anal.  38  (1992) 
295. 

[7]  A.C.  Larson,  R.B.  Von  Dreele,  General  Structure  Analysis  System, 
LANSCE,  MS-H805,  Los  Alamos  National  Laboratory,  Los  Alamos, 
NM  87545. 

[8]  K.K.  Lee.  K.B.  Kim.  J.  Electrochem.  Soc.  147  (2000)  1709. 

[9]  R.  Kanno,  H.  Kubo,  Y.  Kawamoto,  T.  Kamiyama,  F.  Izumi, 
Y.  Takeda,  M.  Takano,  J.  Solid  State  Chem.  110  (1994)  216. 

[10]  M.G.S.R.  Thomas,  W.I.F.  David,  J.G.  Goodenough,  Mater.  Res.  Bull. 
20  (1985)  1137. 


